Beam instability caused by the electron cloud has been observed in positron and proton storage rings and it is expected to be a limiting factor in the performance of the positron 
Introduction
In accelerator beam lines with positively charged beams, an electron cloud may be initially generated by photoelectrons or ionization of residual gas and increase by the surface secondary emission process. If an electron cloud forms in the accelerator beam line, it may couple with the circulating beam and cause beam instabilities, tune shift, vacuum pressure rise, ultimately affecting the machine performances. The electron cloud has been observed at many storage rings and it will likely be an issue for future machines aiming at high beam intensity [1] .
Over the last few years at SLAC, we have investigated several possible countermeasures to reduce the electron cloud effect in the LC DR and we invested considerable effort on both simulation and experimental programs. During the last years of running of the PEP-II collider, in the Region 12 straight section of the positron beam line just downstream of the arc section, we have installed vacuum chambers consisting of three experimental areas to test electron cloud mitigations both in field-free and magnet regions [3, 4] . In this paper, we describe a dedicated chamber installed to monitor the secondary electron emission coefficient or secondary electron yield (SEY or ) of TiN and TiZrV nonevaporable getter (NEG) coating, Copper, Stainless Steel and Aluminum conditioning in the beam line in situ under the effect of electrons, photons and ions impacting the surface.
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We have instrumented the chamber with a retarding field analyzer (RFA) [5, 6, 7, 8] electron detector to measure the intensity of the electron cloud current and the electron energy distribution. The RFA is described in a separate paragraph below. The goal of the experiment was to measure the change in the surface SEY and surface structure composition of sample materials directly exposed to dynamical beam effects and compare the results to the typical reduction of the SEY observed in laboratory set-ups when a material is irradiated with electron beams. Other suppression techniques such as clearing electrodes, grooves and novel coatings are also being tested and optimized at several other laboratories including CERN, INFN, in CesrTA at Cornell University, and KEK-B at KEK.
Secondary Electron Yield SEY
Parameters determining the cloud formation are the secondary electron yield, secondary electrons emitted per incident electron, and the secondary electron energy spectrum.
Typically, the peak value ( max) of the SEY, at normal incidence, is max ~1.5÷2.2 for an "as-received" technical vacuum chamber material such as copper or stainless steel but ranges higher, for aluminum, at max ≥ 2.3 and can be over 3. The laboratory experimental set-up used at SLAC to measure the surface SEY and perform surface XRay Photon Spectroscopy is described in detail in the references [9, 10] . Note that in the apparatus, the SEY is measured with the use of an electron beam incoming at a 23° angle with respect to the sample surface normal. The SEY of technical surfaces material for accelerator vacuum chamber has been measured in the past at CERN [11, 12] at KEK [13, 14, 15] SLAC [9, 16, 17] and at other laboratories [18] . 4
SEY Threshold and Requirements
Previous simulations show that in a 6 km ILC DR an electron cloud is expected to develop with high densities for peak SEY values above 1.2.
In the ILC DR, a threshold for beam instability [2] will be reached for a cloud density of 1. 4 10 11 e/m 3 . The most robust solution to mitigate the electron cloud is to ensure that the vacuum chamber wall has low secondary emission yield.
The impact of particles on a metallic surface reduces the surface SEY to low values [9] [10] [11] [12] [13] [14] [15] [16] [17] . This effect is known as conditioning. Typically, conditioning is provided by, electrons from the electron cloud or photons and ions generated by the circulating beam.
Even following the surface conditioning, electron clouds are still observed at several existing storage rings as CesrTA, Daphne and the B-factory KEKB. The efficiency of the conditioning may depend on several factors including the electron cloud current or radiation impinging the surface, the vacuum chamber material as well as the residual vacuum pressure. A competing effect to conditioning is the surface recontamination by the residual gas when the circulating beam is not present. Recontamination may increase the SEY over time. Thus, it is important to measure the effect of conditioning of samples exposed directly to an accelerator beam line as well as the recontamination effect.
Dedicated Vacuum Chamber Experimental Setup to Monitor the Reduction insitu of the Secondary Electron Yield
To closely monitor the evolution of the SEY in an accelerator environment, we have built and installed a dedicated stainless steel in the PEP-II beam line. The chamber is 5 instrumented with manipulators and transferring systems to i) expose the samples to the beam environment then ii) transfer the samples to a laboratory set-up [9, 10] and iii) measure their surface characteristics. It is crucial to maintain the samples in ultra-high vacuum (UHV) during transferring. This is achieved by means of specially designed load-lock manipulators provided with valves to insert samples in their working position and to retract them in a load-lock UHV chamber for transportation. Figure 1 shows the chamber installation in the PEP-II LER. The load-lock manipulator system used to position the sample into the beam line is shown in Figure 2 .
The design of the vacuum chamber allowed the insertion of two samples at a time and at two different angles: i) directly exposed to the fan of synchrotron radiation and we will refer to as 0º angle or ii) at an angle 45º from the middle plane out of the synchrotron radiation fan.
During beam operation, the samples are left in the beam line for a period of several weeks until access to the machine tunnel is possible.
In particular during the installation in the beam line, the samples were positioned in contact with the chamber wall and facing the internal side of the beam line, as shown in Figure 3 -Center.
The positioning of the samples in the PEP-II beam line had to be done precisely for two reasons: i) any misalignment of the sample would prevent the synchrotron radiation from the bend to hit its surface due to masking issue ii) to avoid the presence of spacing and cavities that would cause leakage of the beam radiofrequency into the load-lock system that in turn would cause overheating and ultimately melting of components. In both cases, an overheating or melting of components would have compromised the success of 6 the experiment. To align the sample precisely in position with its surface aligned to the chamber surface and with correct curvature orientation, the vacuum port on the chamber hosting the sample was welded with high precision tools. Also, the final section of the vacuum port was tapered down to drive the sample into its working position as shown in Figure 3 -Center.
The sample housing and the spacing between the sample and the chamber wall had to be carefully designed to avoid both the trapping of higher order modes (HOM) propagating along the beam line and again leakage of radiofrequency from the beam into the manipulator itself. To absorb any leaking RF, the samples were designed with two circular cuts where we have arranged Copper-Beryllium "RF" springs.
Furthermore, synchrotron radiation generated by the beam passing by the last dipole magnet in the upstream arc amount to P SR =455 W/mrad emitted per mrad of bend [19] in the horizontal plane according to the design beam parameters of Table 1 . The sample located at a distance of 10.1 m from the last magnet and was irradiated by 3.5 W of power that needed to be removed. To remove the heat load from the sample, the RF springs have been silver plated to increase the mechanical contact and to allow a good thermal exchange between the sample and the chamber wall.
The stainless steel chamber was externally copper clad and a water cooling line was welded along the external body of the chamber, close to the horizontal middle plane at the level of the synchrotron radiation fan.
To monitor the temperature increase due to synchrotron radiation or HOM, several thermocouples were arranged at different locations on the external side of the chamber and at the vacuum port locations. 
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The manipulator is provided with a port connected to valves and an ion pump to ensure high vacuum. The vacuum pressure was typically 1 10 -7 Torr during sample transportation and transferring.
Electron Cloud Monitor and Retarding Field Analyzer (RFA)
An electron cloud monitor was installed in the middle of the chamber between the two load-lock systems as shown in Figure 1 . The design of the electron monitor is shown in Figure 4 . The monitor had a twofold functionality: to collect the electron cloud current and to measure the electron energy by the retarding field analyzer method. The analyzer consisted of 4 grids and an electron collector located behind the grids. When used in electron current detection mode, the 4 grids were typically grounded, while when used in energy analyzer mode, the inner most grid and the external most grid were grounded while the 2 central grids were biased with a negative potential varying between 0 V and -500 V. A negative grid potential prevents the electrons from reaching the collector, thus selecting the electrons in energy. The electron cloud distribution is then obtained by differentiation of the integrated collector electron current.
The RFA was designed with 4 grids to ensure uniform electric field lines.
The holes in the vacuum chamber for the electron cloud current detection had to be carefully designed to avoid penetration of the beam RF into the detector cavity. To minimize the propagation of the beam RF into the detector housing, the holes where chosen to have a diameter = 1 mm for a chamber wall thickness of 3 mm, thus with a hole depth:diameter ratio of 3:1, see Figure 5 . The total area of the holes was ~18% and it was chosen during the design to minimize the impact on the electron cloud development 9 but to maximize the collection of electron current. The cumulative area of the holes was 1.3 cm 2 . The electron current is normalized to this value to obtain the electron flux in units of A/cm 2 .
Photon, Electron and Ion Doses on the Samples
The beam current in the Positron PEP-II Low Energy Ring during the installation of the TiN samples in the beam line is show in Figure 6 . The measured electron cloud current as a function of the positron beam current is shown in Figure 7 .
Photon dose
In (1) where is the relativistic factor and =1/137 is the fine structure constant and Δθ is the dipole magnet arc section in degree. As an example, each positron on average emits N γ/e+ = 2.09 photons at any energy and angle upon traversing the upstream dipole magnet [20] , with beam parameters shown in Table 1 . Eq. (1) represents the total number of photons emitted by a beam particle while traversing a dipole. To estimate the photon dose on the sample, we need to calculate the number of photons hitting the sample and thus integrate the spectrum of synchrotron radiation [21] , (3) where e is the positron charge and the beam current varies with time I = I(t), as shown for example in Figure 6 . Eq. (3) represents the number of direct photons hitting a sample during the exposure time interval (t 2 -t 1 ). We will expressed the dose in [photon/mm2] after normalizing by the effective radiated sample area = 28 mm 2 . In estimating the dose, we do take into account direct radiation from the two upstream dipole magnets and we do not take into account multiple reflections inside the vacuum chamber. The calculated photon dose for the samples located on the horizontal plane is shown on Table 2 . In the case of the samples located at a 45 degree out of synchrotron radiation fan, the number of direct photons that hit the sample surface is negligible. Nevertheless, a considerable number of photons are reflected multiple times and strike the vacuum chamber at any azimuth position and thus photon conditioning still take place for samples located at 45 degree angle.
Electron dose
We estimated the electron dose defined as the number of electrons in the cloud that impinge into the vacuum chamber surface. The electron current is measured by the electron detector. 
where the measured electron flux F = F(I) is a function of the positron beam current I, as shown in Figure 7 , and the beam current varies with time I = I(t), as shown for example in Figure 6 . Finally, the integration limits t1 and t2 are the initial and final time in the beam line, as shown in column 7 in Table 2 .
Ion dose
To estimate the effect of ion conditioning, we assume that the positron beam circulating in the experimental chamber, of 89 mm diameter, see Table 1 , has a Gaussian profile.
The largest energy kick to the ion will be generated by a beam with smallest transverse dimensions. The energy of the ions when reaching the chamber wall, assuming a 1 r.m.s.
transverse beam size is given in Table 3 . When assuming 3 r.m.s beam sizes, the ions energy gain is converging to about 250eV. In those energy ranges, the ions are very effective at sputtering the surface [17, 22] . The cumulative charge of ions necessary to reduce the SEY max of TiN or NEG films, to a value obtained after electron conditioning is a factor 2000 lower [17] . The ion dose is calculated according to the PEP II beam parameters, 
where is the relativistic coefficient, c the speed of light, m the electron mass, Z the charge, h the Planck constant, M and C are constants depending on the molecules, and the Note that an electron dose of ~1 mC/mm 2 is sufficient to considerably decrease the SEY on most surfaces in a laboratory set-up system [24] .
To quantify the elemental content on the samples surface, we performed surface analysis by X-Ray photon spectroscopy in the same laboratory system setup used to measure the SEY. Thus, the samples were kept at the same location for both analysis and without exposing them to external contamination. By surface analysis we found that Carbon and Oxygen contents were strongly reduced after conditioning of the TiN samples, Figure 9 and Figure 10 and Table 5 . Our hypothesis is that carbon oxides and oxides may have been removed by a combination of photons, ions or electrons impinging with sufficient energy on the surface. This reduction in the carbon content is contrary to what is expected when only electrons impinge on a surface. In fact, electron beams impinging on a surface typically results in an increase of the carbon content as reported at various laboratories [10, 22] .
Following the conditioning period in the beam line, the TiN sample was kept in stand by in the laboratory set-up for 2928 hours or 122 days in ultra-high vacuum < 10 -9 Torr, and 14 in an atmosphere 10:1 of H2:CO, typical of accelerator beam lines. Notably, the SEY of the TiN sample was still measured to be lower than 1, as shown in Figure 11 . A secondary yield below unity considerably mitigates the formation of electron clouds in particle accelerators. The two TiN samples arranged at different positions with respect to the fan of synchrotron radiation showed a similar reduction in the SEY after conditioning, see Table 2 , and similar carbon and oxygen depletion in the atomic surface content. acting as vacuum pump is also known as activation process [25] . A beneficial effect of the NEG activation is that surface oxides on the first few mono-layers are dissolved and absorbed into the bulk of the material and as a consequence the secondary electron yield decreases [11, 16] . Aiming at the NEG activation, we have built a separate vacuum chamber with a heating system mechanism to allow pre-heating the NEG before Table 2 .
Following the beam line conditioning of an aluminum sample, the SEY reduced from an initial value of max ~3.3 to a value after conditioning of max ~2.4, Figure 13 . This is unacceptably high to be used in LC DR and it is a concern for the development of an electron cloud in existing circular accelerators using aluminum vacuum chambers, as DAPHNE at LNF (Frascati National Laboratory) and CesrTA at Cornell University. The finding about a high SEY for conditioned aluminum in the accelerator beam pipe is in good agreement with previous measurements of aluminum samples exposed to electron conditioning obtained in our laboratory system set-ups [10] . Surface analysis by X-Ray Photon Spectroscopy of the bare 6063 Aluminum sample as measured before and after exposition to the beam environment in the PEP-II beam line is shown in Figure 14 and the concentration of different elements in Table 6 . Oxygen content is reduced, but Mg, which is present in Al 6063 alloy, is revealed as we have seen during electron conditioning [10] . The presence of the peak at 308 eV is a characteristic of oxidized Magnesium. Fluorine does not disappear and Nitrogen appears and shows a strong peak.
Carbon almost completely disappears from the spectrum. These behaviors differ somewhat from what we have observed on the same Al alloy during a sole electron conditioning [10] .
Electrons and photons are not able to remove the oxides on the aluminum surface and the ion dose is too low to have any effect. The result is that the oxide is not broken, but modified resulting in still a high SEY (>2). One should note that a sputter clean Aluminum surface has a SEY below unity [27] .
A stainless steel sample was extracted from the beam line several hours after the stop of the positron beam. It was transferred into the surface analysis chamber and the SEY measured after 550 hour from the beam stop. PEP II priority is to produce beam for the BaBar detector, hence the long waiting period before accessing the sample. After extraction, we monitored the SEY during a couple of month of standing-by in the analysis chamber. Figure 15 shows the effect of stainless steel surface recontamination after ~8 weeks in ultra-high vacuum at 5÷10 10 -10 Torr. The SEY peak increased from max~1.3 to a value max~1.6 in about 1300 hours. Figure 16 . The two curves correspond to two different positron beam current respectively 2500 mA and 1500 mA. For both curves, the energy spectrum is peaked at low energies ~5 eV.
Finally, we would like to mention that microwave dispersion measurements [28] estimated an average electron cloud density of 6.6E+11 e/m 3 in a 50m PEP-II straight section located just downstream of our experimental chamber. This estimation of the cloud density should be considered as a lowest limit value for the cloud density in our experimental chamber upstream, due to its proximity to the bend and thus subjected to a higher rate of photoelectrons.
Summary
Several chambers were installed in the PEP-II LER to study the electron cloud effect and monitor the details of the secondary electron yield in a positron accelerator beam line.
We measured a drastic reduction of the secondary electron yield of TiN surfaces Table 7 , to be completed as input for LC Technical Design Phase.
All the PEP-II experimental chambers, instrumentation and diagnostics have now being re-deployed into the CESRTA [29] test facility at Cornell University, to continue the studies in the framework of the LC international collaboration.
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